Abstract An integrated fixed-film activated sludge (IFAS) pilot plant and a moving bed biofilm reactor coupled with an activated sludge process (MBBR/AS) were operated under different temperatures, carbon loadings and solids retention times (SRTs). These two types of hybrid systems were compared, focusing on the nitrification capacity and the nitrifiers population of the media and suspended biomass alongside other process performances such as carbonaceous and total nitrogen (TN) removal rates. At high temperatures and loadings rates, both processes were fully nitrifying and achieved similarly high carbonaceous removal rates. However, under these conditions, the IFAS configuration performed better in terms of TN removal. Lower temperatures and carbon loadings led to lower carbonaceous removal rates for the MBBR/AS configuration, whereas the IFAS configuration was not affected. However, the nitrification capacity of the IFAS process decreased significantly under these conditions and the MBBR/AS process was more robust in terms of nitrification. Ammonia oxidising bacteria (AOB) and nitrite oxidising bacteria (NOB) population counts accurately reflected the changes in nitrification capacity. However, significantly less NOBs than AOBs were observed, without noticeable nitrite accumulation, suggesting that the characterisation method used was not as sensitive for NOBs and/or that the NOBs had a higher activity than the AOBs.
Introduction
The increase in demand placed on wastewater treatment works (WWTW), together with the limited space for development, has encouraged more compact wastewater treatment techniques. Hybrid processes offer an attractive and innovative solution to upgrading existing WWTW. The main benefit of these processes is to enable a higher treatment capability without the need to increase the aeration lane volume. The addition of media provides a protected surface area for biofilm to grow on. Moreover, with the media being retained in the system, slow growing microorganisms can develop on the media while operating at low solids retention times (SRTs). The media can be added in the mixed liquor, in the case of the integrated fixed-film activated sludge (IFAS) process, or used on its own, in the case of the moving media biofilm reactor (MBBR) process. The MBBR process can be coupled with an activated sludge (AS) plant to give a MBBR/AS process. Two pilot plants under IFAS and MBBR/AS configurations were operated in parallel in order to assess and compare the robustness of the two processes when operated at different SRTs, carbon loadings and temperatures. The IFAS process was studied at five different SRTs and temperatures and two carbon loadings. Two carbon loadings and six SRTs and temperatures were applied to the MBBR/AS process. This study focuses on the effects of operating conditions on nitrification by looking at the nitrification capacity and the nitrifier population of both the media and the mixed liquor, alongside the general process performances of the pilot plants.
Materials and methods
The IFAS and MBBR/AS pilot plants were operated in parallel under the same set up: three tanks (one of 0.38 m 3 and two of 0.75 m 3 working volumes) and a final clarifier (Figure 1 ). The first tank was filled with media at a 37% filling ratio, the other two tanks were free of media. The difference between the two pilot plants relied on the configuration of the return activated sludge (RAS). The RAS was returned to the first tank for the IFAS pilot plant and to the second tank for the MBBR/AS pilot plant, leaving the first tank free of mixed liquor. The media used was the AnoxKaldnes K1 media (AnoxKaldnes, Norway) with a 7.2 mm length and a 9.1 mm diameter leading to a total surface area of 800 m 2 .m 23 and a protected surface area of 500 m 2 m 23 .
Mixed liquor samples were taken from each zone on a three times a week basis and analysed for BOD 5 soluble , COD soluble , NH 4 -N, NO 2 -N and NO 3 -N. The municipal settled sewage and pilot plants final effluents were analysed at the same time for the same components and BOD 5 and COD.
The Two nitrification capacities were measured: the net nitrification capacity and the maximum nitrification capacity. The net nitrification capacity represented the nitrification achieved in the pilot plant and was derived from the settled sewage, final effluent and wastage sludge NH 4 -N concentrations. The maximum nitrification capacity was estimated using the results of the lab scale nitrification tests performed on the mixed liquor and/or the media at lab temperature. Both nitrification capacities were expressed in terms of suspended biomass concentration for the mixed liquor samples and media surface area for the media samples. The media nitrification rate was calculated using the protected surface area of the media.
The ammonia oxidising bacteria (AOB) and nitrite oxidising bacteria (NOB) present in the mixed liquor and in the biomass attached to the media were quantified by the Nitri-VIT system based on the Vermicon identification technology (VIT) using gene probes (Vermicon, Germany). The numbers of AOBs and NOBs were expressed as numbers per mm 2 of surface area (using an estimated 670 mm 2 per media) for the attached biomass and per mg of MLSS for the suspended biomass.
Results and discussion
In fixed-film biofilters, nitrification can be affected by temperature when significant changes in temperature occur, such as a rise in temperature between 8 and 14 8C (Zhu and Chen, 2002) . However, no significant differences in nitrification rate were observed for temperatures ranging between 14 and 27 8C (Zhu and Chen, 2002) . The same phenomenon was observed in this study for similar temperatures. Therefore, the runs were divided between low and high temperatures with low temperature including runs performed between 8.0 and 9.2 8C and high temperature included runs between 14.0 and 19.5 8C respectively (Tables 1 and 2 ). The process performances (in terms of carbonaceous removal) of the IFAS configuration were similar at low and high temperatures and at different carbon loadings with average BOD soluble removal percentages between 91.5 and 98.8% and between 92.8 and 97.7% at high and low temperatures, respectively. The COD soluble removal percentages followed the same trend. Whereas the process performances of the MBBR/AS configuration were affected by a change in temperature coupled to a change in carbon loading, with lower removal percentages observed at low temperature and low carbon loadings. Low temperatures and carbon loadings led to BOD soluble and COD soluble removal percentages between 89 and (Tables 1 and  2) . However, at high temperatures, both configurations showed similar high process performances at the same carbon loading independently of changes in SRT.
Nitrification
The MBBR/AS media did not show any significant nitrification capacity; nil nitrification rates were measured and almost no AOBs and NOBs were observed in the attached biomass (Tables 1, 3 and 4). The MBBR/AS media, being free of mixed liquor, was used in front of the activated sludge process to remove the carbonaceous fraction of the wastewater and, consequently, enhance the nitrification capacity of the mixed liquor. Therefore, no nitrification was expected to occur in the MBBR/AS media zone. At high temperatures, an increase in SRT did not significantly affect the overall nitrification capacity of the MBBR/AS configuration, however the suspended biomass nitrification rate decreased sharply (Table 1) . This decrease was not observed in the maximum and net pilot plant nitrification capacities, suggesting that the lower suspended biomass nitrification capacity observed per gram of suspended biomass was balanced by the higher MLSS concentration. The maximum nitrification capacity was significantly higher than the net nitrification capacity suggesting that the net nitrification capacity was limited by the NH 4 -N loading and that the MBBR/AS process could have coped with higher NH 4 -N loading under the high temperatures and carbon loadings studied.
For similar SRTs, the MBBR/AS nitrification capacity was lower at lower temperatures and carbon loadings (Table 1 and Figure 2) . However, the NH 4 -N removal percentages increased sharply with an increase in SRT, which was similar to the effects of SRT on conventional activated sludge as the nitrification of the MBBR/AS configuration was conducted by the suspended biomass (Figure 2 ). Both the suspended biomass nitrification rate and the maximum plant nitrification capacity decreased with an increase in SRT from 4.6 to 4.8 d, while the net nitrification capacity remained constant. The net and maximum nitrification capacities of the 4.8 d SRT run were highly similar, suggesting that the MBBR/AS process would not have enough capacity to treat higher NH 4 -N loads under similar conditions.
For the IFAS configuration and at high temperatures, an increase in SRT did not affect the of NH 4 -N removal and net pilot plant nitrification capacity. A decrease in carbon loading has been shown to lead to a decrease in heterotrophic bacteria numbers both in the attached and suspended biomass and therefore, to an increase in nitrifier numbers as there was less competition for space, oxygen and substrate with the heterotrophic bacteria (Wijeyekoon et al., 2004) . In suspended biomass, nitrifiers are concentrated in the inner part of the floc due to their low growth rate, whereas heterotrophic bacteria are found homogeneously distributed within the floc (Manser et al., 2005) . A similar phenomenon was observed in biofilm, where the heterotrophic bacteria were found on the outer layer and the nitrifiers in the inner layer (Guo et al., 2005) . Therefore, for both the suspended and attached biomass, the nitrification process was expected to increase at lower carbon loadings, as the reduction in the number of heterotrophic bacteria gave the nitrifiers a better access to oxygen and substrate. However, the nitrification performance deteriorated at lower loadings, indicating that the nitrifiers were not performing as well as expected, even with a theoretical lower number of heterotrophic bacteria. The diminishment of the protective layer provided by the heterotrophic bacteria might have led to this phenomenon at low temperatures. The nitrification capacities observed for the run at 5.2 d SRT were similar to the nitrification capacities of similar runs at higher temperatures, except for the attached biomass nitrification capacity, which was low. The decrease in temperature seemed to have affected the attached biomass nitrification capacity more than the suspended biomass nitrification capacity. The MMBR/AS and IFAS configurations performed similarly in terms of nitrification when operated at high temperatures and high loadings (Tables 1 and 2 and Figure 2) . In both configurations, the suspended biomass nitrification rate decreased with an increase in SRT and MLSS concentration. Unexpectedly, the MBBR/AS configuration was more robust than the IFAS configuration under low carbon loadings at low temperatures. Suspended biomass of the IFAS configuration was expected to show performances closer to the MBBR/AS configuration suspended biomass at lower carbon loadings. With most of the carbonaceous loading being removed in the MBBR/AS media zone, constant low carbon loadings reached the suspended biomass, which contributed to a high suspended biomass nitrification rate. Assuming that the IFAS suspended biomass at low carbon loading presented the same nitrification activity as the MBBR/AS suspended biomass, the loss in nitrification capacity of the IFAS configuration might have come from a decrease in its attached biomass nitrification capacity.
AOBs and NOBs populations
The MBBR/AS and IFAS suspended biomass nitrification rates were in the same range, varying from 0.028 to 0. respectively. However, their attached biomass nitrification rates were highly dissimilar with no significant rates observed for the MBBR/AS media and rates comprised between 0.160 and 0.804 for the IFAS media. These trends were confirmed by the AOBs and NOBs population counts, with numbers of oxidisers observed per gram of MLSS being of the same order of magnitude for both configurations but higher for the MBBR/AS suspended biomass and by the low numbers of AOBs observedontheMBBR/ASmediacomparedtotheIFASmedia (Tables 3 and 4) . A significant difference was observed between the population of AOBs of the suspended biomass when the MBBR/AS process was fully nitrifying and when the NH 4 -N removal fell below 70% (which also corresponded to low temperatures). Lower numbers of microorganisms were observed at the low NH 4 -N removal rates, suggesting that the smaller AOBs populations contributed to the lower nitrification rates observed at low temperature.
The NOBs population was smaller than the AOBs population for the suspended biomass independently of the process configuration (Tables 3 and 4) . Nitrification is a two-stage process, where the oxidation of ammonia to nitrite is carried out by the AOBs and the oxidation of nitrite to nitrate by the NOBs. The significantly lower numbers of NOBs observed would have theoretically led to an accumulation of nitrite if both AOBs and NOBs had similar activities. However, the nitrite produced during the first stage of the nitrification process was fully converted to nitrate as no nitrite accumulation was noticed. Therefore, the difference observed between the AOBs and NOBs populations might be due to the method used for the microorganisms count or to significantly higher activity of the NOBs. The NOBs populations attached to the media were small for both configurations, independently of the nitrification efficiency, suggesting that the method employed to quantify the NOBs population might not be sensitive enough for small populations and/or the method might not detect some of the NOBs involved in the nitrification process.
Nitrogen removal
The TN removal followed the NH 4 -N removal trends for each of the configurations, with the lowest TN removal percentages observed at the lowest NH 4 -N removal percentages. The TN removal percentages were generally significantly higher for the IFAS configuration, suggesting that more TN was removed due to processes other than nitrification for the IFAS configuration than for the MBBR/AS configuration. A higher denitrification rate, or simply the presence of denitrification, might have induced the difference observed in TN removal. In hybrid processes with no designated anaerobic or anoxic zones, the denitrification process, if present, is expected to occur mainly in the biofilm attached to the media. The oxygen diffusion phenomenon occurring through the biofilm layers is limited by the depth of the biofilm, leaving the deepest layers of the biofilm with very low or no oxygen, therefore leading to anaerobic or anoxic conditions favourable to the development of denitrifying organisms (Falkentoft et al., 1999) . In the MBBR/AS process, the nitrification happened mainly in the activated sludge zone, with no or very low nitrification observed in the media zone. Therefore, the MBBR/AS media was not in contact with nitrite, and the anaerobic layer of the biofilm attached to the media would not have developed microorganisms involved in the denitrification process, whereas the IFAS media was in presence of significant nitrate concentrations, which would suggest that microorganisms taking part in the denitrification process would have been able to grow in the anaerobic part of the biofilm attached to the media. The amount of carbon available is also a limiting factor for the denitrification process (Luostarinen et al., 2006) . The high rate carbonaceous conversion occurring in the MBBR/ AS media zone might have led to a lack of carbon in the activated sludge zone for denitrification to take place, whereas carbon was largely available in the media zone of the IFAS process where nitrification and denitrification could simultaneously take place.
Conclusions † At high temperatures, the IFAS and MBBR/AS configurations showed similar high carbonaceous removal rates. However, lower temperatures and carbon loadings led to a decrease in carbonaceous removal for the MBBR/AS process, whereas the IFAS process was not affected. † Both processes were fully nitrifying at high temperatures and high carbon loadings, even if their suspended biomass nitrification rate decreased with an increase in SRT and MLSS concentration. † MBBR/AS configuration was more robust in terms of nitrification at low carbon loadings and temperatures. Moreover, a slight increase in SRT led to a sharp increase in its nitrification capacity under these conditions. † AOBs and NOBs analyses mostly confirmed the trend observed in the nitrification capacity of both configurations. However, NOBs numbers were unexpectedly lower than the AOBs numbers, which might be due to the characterisation method employed and/or to a higher activity of the NOBs compared to the AOBs. † Under fully nitrifying conditions, the IFAS configuration achieved significantly higher TN removal rates.
